severe multisystem disease, with premature death usually occurring secondary to the resultant pulmonary disease. Significant improvements in the pulmonary care of patients with CF have therefore resulted in substantially greater survival.
Pancreatic abnormalities in cystic fibrosis
CFTR is essential to the function of the exocrine pancreas. Approximately 85% of CF patients develop severe exocrine pancreatic disease marked by exocrine pancreatic insufficiency (Wilschanski & Novak 2013) . In these patients, pancreatic enzyme replacement is essential to normal growth and weight gain. The risk of pancreatic insufficiency is related to CFTR mutation severity (Table 1) . CFTR is highly expressed in the epithelial cells of small pancreatic ducts that drain the pancreatic acini (Marino et al. 1991) where it functions to drive secretion of chloride, water and bicarbonate into the ducts. This serves to dilute and increase the pH of the viscous digestive enzyme secretions from pancreatic acinar cells and thereby (i) facilitates their movement through the ductal system for delivery into the intestinal lumen and (ii) helps prevent premature activation of these proteases. When CFTR function is absent, these small ducts become dilated and plugged with the thick secretions representing the earliest pathology observed in CF pancreatic disease. Widespread acinar destruction ensues, accompanied by inflammatory cell infiltration, fatty replacement, appearance of extensive fibrosis and cystic dilation of larger ducts (Fig. 1 ). This can begin in utero and is extensive by 1-4 years of age such that very little acinar tissue remains (Andersen 1958) . In many CF patients, the non-endocrine portion of the pancreas ultimately becomes comprised largely of adipose tissue. Importantly, the endocrine pancreas generally survives this process, albeit in a remodeled state, and with islets persisting within this highly adverse environment (Fig. 1 ).
CF-related diabetes
Despite the relative sparing of islets within the pancreas, a continuum of abnormalities in glucose metabolism are extremely common in subjects with CF, encompassing impaired glucose tolerance (IGT; see Table 2 for diagnostic criteria) and CF-related diabetes (CFRD). Also, many people with CF have abnormally high glucose levels at intermediate time points of an oral glucose tolerance test (OGTT; i.e. 15-90 min), despite meeting conventional criteria for normal glucose tolerance (NGT; Dobson et al. 2004) . Various specific criteria to define such OGTT profiles have been forwarded, termed indeterminate glycemia (INDET) or early glucose intolerance (EGI). In this review INDET/EGI, along with IGT, is collectively referred to as abnormal glucose tolerance (AGT). 
Mutation class Effect on CFTR Example Disease
Pancreatic insufficiency risk (Ahmed et al. 2003) Diabetes risk (Adler et al. 2008) The genetics of CF are recessive, and the severity of CF disease is governed by the least severe CFTR mutation a patient carries. In most Caucasian populations, F508del is the most common mutation by far, and most CF patients have severe disease.
Figure 1
Pancreas morphology (hematoxylin staining) in a non-CF control (A; 17 years old), CF-no diabetes (B; 18 years) and CFRD (C; 46 years) autopsy human pancreas specimen. Extensive fatty replacement and fibrosis are evident in the CF and CFRD cases. Islets, visualized by insulin immunohistochemistry (brown), appear remodeled but clearly present in CF and CFRD even when compared to non-CF control. Scale bar = 100 µm (scale bar in A applies to all panels).
Diabetes is one of the most common comorbidities in people with CF, with a prevalence of 2% in children, 19% in adolescents and 40-50% of adults (Moran et al. 2009a) . Although CFRD is rare in childhood, it has been described in children of all ages including infants. Diabetes is more likely to develop in those with severe CFTR mutations (Table 1) , increasing age, worse pulmonary function, under-nutrition, liver dysfunction and pancreatic insufficiency (Marshall et al. 2005) . Several genetic polymorphisms outside the CFTR locus also contribute to diabetes risk among CF patients, many of which are shared with type 2 diabetes genetic risk (Blackman et al. 2013) .
A significant increase in morbidity and mortality is seen in patients with CFRD compared to CF patients without diabetes, occurring secondary to worsening lung disease and respiratory failure rather than the vascular complications commonly seen in type 1 and type 2 diabetes. Age-adjusted mortality rates per 100 personyears reported in 2010 were 4.2 (3.4-5.1) in individuals with CFRD vs 1.5 (1.3-1.7) in those with CF without diabetes (Blackman et al. 2013) . CFRD-related mortality has improved significantly over time, most likely due to annual diabetes screening and early institution of insulin treatment (Moran et al. 2009a) . However, of concern, mortality rates among people with CFRD who are older than 30 years have not declined in the last decade. This highlights the need for better understanding of CFRD pathophysiology and the development of improved treatments.
Compared to CF without diabetes, CFRD is associated with poorer lung function, decreased nutritional status (lower BMI), increased catabolism and higher rate of pulmonary exacerbations (Marshall et al. 2005) . Even patients who have not developed CFRD but have AGT exhibit worse survival and higher lung transplant rates compared to CF patients without glucose abnormalities (Bismuth et al. 2008) . People with CF with IGT at baseline have a faster rate of decline in lung function compared with those with NGT (Milla et al. 2000) , and the degree of insulin deficiency is associated with a higher rate of decline. More concerning is the decline in BMI and lung function starts 4-6 years before CFRD diagnosis (Lanng et al. 1992) .
Current guidelines recommend yearly OGTT screening starting at the age of 10 years (Moran et al. 2010) . Diagnosis is based on the American Diabetes Association (ADA) criteria for type 1 and type 2 diabetes, even though the morbidities associated with CFRD differ from those seen in type 1 and type 2 diabetes (Moran et al. 2009a) . Further, these guidelines recommend monitoring only fasting and 120 min OGTT glucose levels; yet, CF patients with elevated 60-min OGTT glucose levels are at high risk for worsening pulmonary disease (Brodsky et al. 2011) . Additionally, continuous glucose monitoring has shown that even CF patients with NGT commonly have intermittent, asymptomatic hyperglycemia (Moreau et al. 2008) . Together, these data suggest that current diagnostic criteria fail to capture all CF patients at risk for clinical decline due to impairments in glucose metabolism.
Abnormal glucose tolerance is an early-life feature of cystic fibrosis
As outlined earlier, in cystic fibrosis (CF), even mild hyperglycemia is associated with significant decline in lung function (Milla et al. 2000) . However, even though CF lung disease begins in the first years of life, glucose levels in very young children had not been characterized until very recently. This decade, data from CF animal models demonstrated glucose abnormalities starting at birth Normal glucose tolerance (NGT) <100 (5.6) <200 (11.1) <140 (7.8) Impaired fasting glucose (IFG) >100 (5.6) <126 (7.0) <200 (11.1) <140 (7.8) Impaired glucose tolerance (IGT) <126 (7.0) <200 (11.1) >140 (7.8) <200 (11.1) Indeterminate glycemia (INDET) <126 (7.0) >200 (11.1) <140 (7.8) Early glucose intolerance (EGI) <126 (7.0) ≥155 (8.6) (for 1 h timepoint) <140 (7.8) Cystic fibrosis-related diabetes mellitus without fasting hyperglycemia (CFRD) <126 (7.0) N/A >200 (11.1)
Cystic fibrosis-related diabetes mellitus with fasting hyperglycemia (CFRD) ≥126 (7.0) N/A >200 (11.1) (Olivier et al. 2012 , Uc et al. 2015 , Yi et al. 2016b . Additionally, data from humans showed that AGT in 6-to 10-year-old children with CF predicts early progression to CFRD (Ode et al. 2010) . Although there are no systematic outcome studies of the long-term implications of earlylife glycemic abnormalities in humans with CF, anecdotal evidence comes from a case report which describes an infant with hyperglycemia at 3 months, who developed waxing and waning glucose intolerance through childhood, finally culminating in CFRD with insulin requirement at 13 years (Fattorusso et al. 2017) , much earlier than the usual onset of CFRD, which has a median age of onset typically in the third decade of life. Exocrine pancreatic disease in CF begins prior to birth, and is progressive thereafter, with 23% of children <1 year of age having severe exocrine pancreatic loss, compared to 75% of 1-4 year olds (Andersen 1958 , Bogdani et al. 2017 . This early exocrine pancreatic pathology may have an important bearing on later CFRD risk. In fact, a greater degree of exocrine pancreatic disease at birth, as reflected by lower circulating immunoreactive trypsinogen levels, predicts increased risk for CFRD in later life (Soave et al. 2014) . Early life exocrine pancreatic disease may also drive endocrine pancreas pathology, as young children with CF already exhibit loss of islet β cells and islet inflammation (Bogdani et al. 2017 , Hull et al. 2018 . Such early pathological changes in the endocrine pancreas may be functionally important, since cross-sectional data from a cohort of children aged 3 months to 5 years showed the greatest frequency of AGT at 2-4 years of age followed by a lower AGT frequency at 5-6 years (Yi et al. 2016a) . Together, these findings support an overarching relationship between exocrine pancreatic pathology, islet pathology/dysfunction and AGT in CF.
Impaired insulin secretion is a key determinant of hyperglycemia in cystic fibrosis
In CF subjects, β-cell function is substantially reduced compared to non-CF controls -even in patients with NGT (Merjaneh et al. 2015 , Sheikh et al. 2017 . This is clearly demonstrated in CF patients by measuring the disposition index (DI). DI is a robust measure of β-cell function quantified as the insulin response during an oral GTT, normalized for the prevailing insulin sensitivity, and is a strong predictor of future type 1 and type 2 diabetes in non-CF populations. DI is low in the general CF population, demonstrating an insulin secretory defect that exists even during stable pulmonary disease and adequate nutritional status (Merjaneh et al. 2015 , Sheikh et al. 2017 . First-phase insulin secretion is particularly impaired and represents an early abnormality in the development of AGT among those with CF (Mohan et al. 2009 , Sheikh et al. 2017 . Furthermore, relative proinsulin secretion is elevated in CF patients who have AGT (Sheikh et al. 2017 , Nyirjesy et al. 2018 , providing additional evidence for early β-cell dysfunction. These studies confirm that, in CF, β-cell dysfunction is present before deterioration of glucose tolerance is apparent and long before the diagnosis of diabetes.
While impaired insulin secretion worsens with age, likely in all pancreatic insufficient CF subjects regardless of glycemic status (Moran et al. 2009a , Ode et al. 2010 , Yi et al. 2016a , abnormal insulin secretion is already detectable in young people with CF and is potentially present from birth. Evidence for the latter comes in part from CF animal models which develop spontaneous hyperglycemia; these exhibit abnormal insulin responses from birth (Olivier et al. 2012 , Uc et al. 2015 . Furthermore, very young humans with CF (3 months to 5 years of age) fail to exhibit the normal increase in insulin secretion seen in non-CF subjects within the same age range (Yi et al. 2016a ). In addition, young CF subjects with AGT show an inability to increase insulin secretion even in the face of hyperglycemia (Yi et al. 2016a) . Six-to ten-year-old CF children also have a delayed insulin response, which is more pronounced in those with AGT (Ode et al. 2010) .
Overall, the literature suggests that even CF subjects with NGT have low β-cell reserve, which places them at risk for the development of hyperglycemia. Further, the clinical implications of a low β-cell reserve are likely more important in CF than in non-CF subjects given their catabolic state and the detrimental effects of insulin deficiency on weight gain and lung function in CF patients.
Islet pathology in cystic fibrosis
As mentioned earlier, exocrine pancreas pathology is a major feature of CF, occurring due to pancreatic ductal plugging and extensive involution of acini (Andersen 1958) . In line with this, pancreatic volume, estimated by MRI, is decreased in CF compared to healthy controls and to patients with type 1 diabetes (note, however, pancreas could only be visualized in a small subset of CF subjects; Sequeiros et al. 2010) . While destruction of the exocrine pancreatic acini is near total in CF, many ducts survive, especially larger ones, and islets are still present within the fibrotic/fatty pancreas parenchyma (Fig. 1 ).
In subjects with CF without a diabetes diagnosis, compared to non-CF controls, most studies report a decrease in β-cell area (Abdul-Karim et al. 1986 , Lohr et al. 1989 , Couce et al. 1996 , Hart et al. 2018 ranging from 11 to 52%. β-cell loss appears to be particularly severe in younger subjects (Bogdani et al. 2017 ), but does not differ between subjects that exhibit fatty vs fibrotic exocrine pancreas pathology (Lohr et al. 1989) . The manner in which β-cell measures are expressed affects interpretation of the data -β-cell area, when expressed relative to islet area, is reduced in most studies (Abdul-Karim et al. 1986 , Lohr et al. 1989 , Couce et al. 1996 , Bogdani et al. 2017 . β-cell normalized to pancreatic area was found to be decreased in one study (Hart et al. 2018) , but unchanged in others (Bogdani et al. 2017 , Hull et al. 2018 ). Such differences may be due to difficulties in distinguishing pancreas-intrinsic fat (i.e. that which is present due to fatty replacement) from fat which is located close to the pancreas.
In CF subjects with diabetes, studies demonstrating β-cell loss (relative to islet area) are relatively small (n ≤ 8 in at least one group) but consistent, reporting a decrease of ~25-30% (Iannucci et al. 1984 , Soejima & Landing 1986 , Bogdani et al. 2017 ). Interestingly, two larger studies (n = 12-18 subjects per group) failed to find significant loss in β-cell area when quantified per islet area (Couce et al. 1996 , Hull et al. 2018 or per pancreas area (Hull et al. 2018) . Taken together, the literature is somewhat mixed but shows that loss of β cells may be a feature of CF both with and without diabetes.
An increase in glucagon-positive α-cells has been described in CF subjects both with and without diabetes (Lohr et al. 1989 , Bogdani et al. 2017 , Hart et al. 2018 , Hull et al. 2018 , with only one study reporting no difference (Abdul-Karim et al. 1986) . Similarly, the fraction of somatostatin-positive δ-cells is increased in humans with CF (Abdul-Karim et al. 1986 , Soejima & Landing 1986 , Lohr et al. 1989 , Bogdani et al. 2017 , with two other studies showing the same trend (Hart et al. 2018 , Hull et al. 2018 . PP cell area has also been shown to be increased in subjects with CF vs non-CF controls (Lohr et al. 1989 , Hull et al. 2018 . A significant decrease in PP cells between CF subjects with and without diabetes was reported in one study (Hull et al. 2018) with no difference being observed in another (Iannucci et al. 1984) . The relative areas of ghrelin-positive ϵ cells do not appear to have been determined in CF pancreas.
Abnormalities in non-endocrine islet components, particularly nerve fibers and/or islet capillaries, may also contribute to the islet lesion in CF. This has not been well studied, although data from a pig model of CF suggest that pancreatic/islet vascularization appears normal while nerve fiber density (determined by PGP9.5 immunoreactivity) may be reduced (Uc et al. 2015) .
In summary, it is clear that the extent of β-cell loss seen in (human) CF is not as severe as the loss of pancreatic acini, nor as the loss of β-cell mass seen in type 1 diabetes. Even if 50% or more of β-cell mass was lost in CFRD, a functional β-cell defect must also exist to explain the magnitude of observed insulin secretion impairment. This raises the possibility that the function of remaining β-cells could be targeted for therapy to improve insulin release in CF. From the literature, it is clear that non-β islet endocrine cells (i.e. α, δ and PP cells) are increased in CF/CFRD. This alteration in islet composition suggests that paracrine interactions among islet endocrine cells are likely to be disturbed, which could contribute to β-cell dysfunction and impaired glucose metabolism in CF subjects.
Release of other islet hormones is also abnormal in cystic fibrosis
Inappropriately elevated glucagon levels are postulated to contribute to hyperglycemia and hepatic insulin resistance in type 2 diabetes, while an inappropriately low counter-regulatory glucagon response is an important contributor to hypoglycemia in diabetes. An insufficient glucagon response to arginine has been reported in CF subjects with impaired insulin release (Uc et al. 2015) . Additionally, glucagon responses to hypoglycemia are impaired in CF subjects with pancreatic insufficiency, but are intact in exocrine sufficient CF subjects (Moran et al. 1991) . Glucagon suppression during glucose loading has been found to be both impaired (i.e. poor suppression, especially in subjects with AGT; Lanng et al. 1993b) , and normal, albeit decreasing from a reduced baseline level (Sheikh et al. 2017) . Despite these inconsistencies, the literature supports that dysregulated glucagon release may be a feature of CF.
Somatostatin is secreted by islet δ cells and potently inhibits insulin and glucagon secretion through paracrine action. In CFRD patients compared to normal controls, plasma somatostatin is increased following arginine stimulation (Meacham et al. 1993 ), though it is not known if this reflects somatostatin secreted from islets or other locations with somatostatin secreting cells (such as the gut). Nonetheless, these data suggest that somatostatin tone is increased in CF and that increased somatostatin may therefore contribute to poor insulin secretion in CF.
Pancreatic polypeptide (PP) is released by PP cells of the islet in response to feeding. Circulating PP levels fail to increase in response to feeding in CF patients across a range of ages (Allen et al. 1983) . The PP response to hypoglycemia is also decreased, more so in patients with exocrine insufficiency (Moran et al. 1991) . PP release during an OGTT is likewise severely impaired (Lanng et al. 1993b) .
While the data suggest that levels of non-β-cell islet hormones are differentially altered in CF (i.e. glucagon and PP levels are largely decreased, while somatostatin levels may be increased), the morphological data show that α, δ and PP cell areas are all increased. Thus, there exists a disconnect between the frequency of these non-β-endocrine cells and release of their hormone contents, further supporting the concept that functional, rather than morphological abnormalities represent the key pathogenic defect in the islet in CF.
Animal models of CFRD
Until recently, experimental study of CFRD has been hampered due to a lack of suitable animal models. Mouse models of cystic fibrosis, including Cftr-knockout and Cftr-ΔF508 mice, exhibit severe gastrointestinal disease and impaired growth but do not develop substantive pancreatic or lung disease. Blood glucose in CF mice is normal (Lanng et al. 1993b) or even reduced (Fontes et al. 2015) during glucose tolerance testing. Mice with acute-or chronic β-cell-specific Cftr deletion demonstrate normal glucose tolerance and do not exhibit altered insulin release in response to glucose or IBMX (Hart et al. 2018) . Likewise, Cftr KO rats have a normal pancreas, although their glycemic phenotype is yet to be detailed. By contrast, cftr-knockout zebrafish undergo exocrine pancreatic destruction, though their glycemic phenotype also has yet to be described. CFTR-knockout pigs and ferrets develop lung disease and severe gastrointestinal disease, requiring specialized care similar to humans with CF. Importantly, they also develop exocrine pancreatic disease which phenocopies human pancreatic CF including ductal plugging, acinar destruction, ductal dilation, inflammation, fibrosis, fatty replacement and relative sparing of endocrine mass , Uc et al. 2015 , Yi et al. 2016b ). Both models develop hyperglycemia with impaired insulin secretion (Uc et al. 2015 , Yi et al. 2016b . As in humans, these abnormalities are detected in early life. Newborn CFTR-knockout (KO) pigs have abnormal glucose tolerance, extensive exocrine pancreatic disease and impaired insulin secretion (Uc et al. 2015) . Similarly, newborn CFTR KO ferret kits have decreased firstphase insulin secretion and abnormal glucose tolerance, but only mild exocrine pancreatic disease consisting of ductal plugging, pancreatic stellate cell activation, with no inflammatory infiltrate or cell apoptosis/necrosis (Olivier et al. 2012) . Interestingly, CF ferrets experience an earlylife hyperglycemic phase (Yi et al. 2016b) , similar to that observed in humans with CF (Yi et al. 2016a) , and which correlate with histopathologic changes in the pancreas (Yi et al. 2016b) . In the first several weeks after birth, exocrine pancreatic disease accelerates in CF ferrets, culminating at 4-8 weeks in severe pancreas inflammation, inflammatory cell infiltration, extensive loss of insulin positivity within islets and spontaneous diabetes. Strikingly, insulin positivity and islet hormone mRNA expression reappear thereafter and blood glucose levels spontaneously normalize. This occurs as loss of acinar tissue becomes complete, inflammation recedes, and a fibrotic to adipogenic transition initiates fatty replacement of the exocrine pancreas. The islets are remodeled, with altered shape, size and cellular composition (Rotti et al. 2018) . This euglycemic reprieve is temporary and is followed by a persistent decline in glucose tolerance, with this final phase being very similar to the clinical picture of CFRD in teenage and adult humans with CF (Yi et al. 2016a) . Unfortunately, widespread utility of the CF pig and ferret models has been limited by the required technical expertise to rear these fragile animals and the related expense. Two approaches, currently being undertaken, will hopefully mitigate technical and expense barriers, allowing widespread study of clinically relevant CFRD models. Firstly, recent gene-editing advances should enable re-engineering of the ferret and/or pig CF models to ameliorate their fragile state. Secondly, creation of murine model(s) of spontaneous CFRD, for example, through humanization of pancreatic biology as has been done in other forms of diabetes, could also greatly propel CFRD research.
Potential mechanisms underlying loss of β-cell function in CF Islet inflammation
Several studies have investigated the possibility that islet-intrinsic mechanisms may underlie the decline in β-cell function that characterizes CF. The concept that pro-inflammatory cytokines can elicit β-cell cytotoxicity is well established in the literature. However, whether β-cell dysfunction result from localized islet inflammation is somewhat controversial, with the production of cytokines, especially IL-1β, from β-cells themselves being a particularly contentious issue. Surprisingly, immunoreactivity for IL-1β, which appears to localize to endocrine cells, is a robust and common feature of CF islet pathology (Hull et al. 2018) . Two other studies recently described immune infiltration in islets from CF human autopsy pancreas sections, including in children younger than 4 years of age (Bogdani et al. 2017 , Hart et al. 2018 . This leukocyte infiltration is chiefly composed of T-cells (CD8+ and CD4+), but not macrophages (Bogdani et al. 2017 , Hart et al. 2018 , Hull et al. 2018 . It is clear that the islet pathology in CF differs from the profound autoimmune-mediated β-cell destruction seen in type 1 diabetes. However, these new data demonstrating the presence of T-lymphocytes in CF islets warrants additional study, as localized inflammation and presence of T-cells in the islet appear to be common features of CF. These findings, together with data from other forms of diabetes and from CF animal models, indicate that β-cells and/or other cells in the islet are likely to also express other proinflammatory cytokines (aside from IL-1β) and chemokines, further contributing to islet inflammation. It is possible that this islet inflammation, especially if it occurs acutely, is a survival mechanism activating recovery and repair mechanisms. However, chronic inflammation is likely to be detrimental to β-cell function and survival, and may therefore represent a therapeutic target for CFRD.
Islet amyloid deposition
Islet amyloid formation is a long-recognized pathological hallmark of type 2 diabetes, which is toxic to β-cells and is associated with decreased insulin release in animal models (Hull et al. 2004) . Islet amyloid deposition has been documented in CF (Iannucci et al. 1984 , Couce et al. 1996 , Hart et al. 2018 , Hull et al. 2018 , most commonly in CFRD (~70% of subjects), with 17% of those with CF and 'borderline diabetes' also being affected (Couce et al. 1996) . Islet amyloid is rarer in adult CF subjects without diabetes and has not been observed in children with CF (Bogdani et al. 2017 , Hull et al. 2018 . It is striking, though, that the age at which amyloid is frequently seen in CFRD (on average around 28 years) is decades earlier than that typically described in type 2 diabetes (Hull et al. 2004) , suggesting that this cytotoxic process may be accelerated in CF. Interestingly, despite well-documented proinflammatory effects of islet amyloid (Masters et al. 2010 , Westwell-Roper et al. 2011 , IL-1β immunoreactivity in CF is not always coincident with islet amyloid deposition. In fact, the presence of IL-1β reactivity is much more widespread than amyloid, being present in adults with and without diabetes, and in children (Hull et al. 2018 ).
Islet endocrine cell autonomous actions of CFTR
There has been considerable interest in the possibility that CFTR might have direct actions in β-cells and/or other islet endocrine cells. This interest stems in part from CFTR's primary function as a chloride channel. It has long been postulated that chloride channels should contribute to β-cell electrophysiology (Di Fulvio et al. 2014) , and there are several molecules that could fulfill or contribute to this function. CFTR would be one such candidate; it is closely related phylogenetically to the sulfonylurea receptor, both are members of the ABCC subfamily of ABC (ATP-binding cassette) transport proteins and the latter is known to be critical for β-cell function. Some studies provide data in support of CFTR activity in the β cell; evidence for this has been previously reviewed in detail (Koivula et al. 2016) . However, conflicting data also exist and as such this issue remains highly controversial.
In 2007, Cftr mRNA and CFTR protein expression was first reported in primary rat islet β cells and RIN-5mF insulinoma cells, at levels lower than those in 'non-β cells' (Boom et al. 2007 ). Subsequent studies confirmed that RIN-5mF and MIN6 cells both express detectable CFTR (Guo et al. 2014 , Ntimbane et al. 2016 . Isolated primary human β cells were reported to have immunoreactivity for CFTR, although mRNA data were not reported (Guo et al. 2014) . Newer data from the same group (Edlund et al. 2017) show the presence of scattered CFTR immunoreactive cells in a representative human islet, but the proportion of CFTR-positive cells, which are also insulin positive was not determined. In contrast, other groups did not detect CFTR in β cells, by immunohistochemistry (Boom et al. 2007 , Hart et al. 2018 or in situ hybridization (Sun et al. 2017) , from rat, ferret and human pancreas, or based on data from the Human Protein Atlas (Uhlen et al. 2015 , Hart et al. 2018 . Further, analysis of data from two single-cell RNASeq transcript datasets, representing over 12,000 single cells dispersed from isolated human islets (Baron et al. 2016 , Segerstolpe et al. 2016 ) demonstrated an average CFTR expression per β cell of 0.14 ± 0.47 reads per kilobase million (RPKM) or 1.05 ± 1.02 transcripts per million (TPM), respectively. In these two studies, pancreatic β-and ductal cells comprised 12-29% and 13-17% of islet cell types, respectively. By comparison, these same analyses demonstrated an average CFTR expression per ductal cell of 308 ± 250 RPMK or 207 ± 827 TPM, respectively. Additional analyses using one of these same datasets (Segerstolpe et al. 2016 ) along with bulk RNA-Seq datasets from mouse and human β cells (Bramswig et al. 2013 , Blodgett et al. 2015 also found CFTR mRNA is detectable only at low levels (<6 RPKM), in a small proportion (~5%) of β cells (Hart et al. 2018) . In sum, the available data suggest that if CFTR is produced in the β cell, its expression is low and/or occurs only in a minority of cells.
The extent to which β cells express CFTR, or not, is of critical importance because CFTR is expected to exert effects on β cell electrical activity and thus impact insulin secretion. The presence of CFTR in a minority of β cells could still have functional consequences if those cells were highly electrically active (such as 'hub' β cells; Johnston et al. 2016) ; however, the presence of CFTR in such cells has not been demonstrated. CFTR-knockdown and/or pharmacological inhibition of CFTR activity in immortalized β-cell lines results in reduced glucosestimulated membrane depolarization (Guo et al. 2014 ) and reduced glucose-stimulated insulin secretion (Ntimbane et al. 2016) . The presence of an cAMP (forskolin)-induced chloride whole cell current has been documented in isolated mouse and human β-cells; this can be partially blocked with small-molecule CFTR inhibitors and is absent in β-cells from mice with global expression of the ∆F508 Cftr mutation (Edlund et al. 2014 , Guo et al. 2014 , Ntimbane et al. 2016 . Furthermore, murine β cells from ∆F508 mice or with pharmacological inactivation of CFTR exhibited membrane hyperpolarization and slower glucose-stimulated membrane depolarization, reduced generation of action potentials and smaller rises in intracellular calcium levels (Guo et al. 2014) . Isolated human and mouse β cells treated with small-molecule CFTR inhibitors exhibited no alteration of voltage-dependent calcium currents but showed blocked depolarizationevoked membrane capacitance (a measure of secretory granule exocytosis) (Edlund et al. 2014) . In contrast to both these studies, recent data from human β cells failed to detect any forskolin-activated chloride current (Hart et al. 2018) , although the patch clamp conditions utilized differed from the previous publications, precluding direct comparisons of the data.
Some important caveats regarding specificity are important to bear in mind when interpreting the above studies. The two CFTR inhibitors used in the above studies, CFTR(inh)-172 and GlyH-101, are not specific for CFTR activity at the concentrations employed, 10 μM (Guo et al. 2014) , and 10-40 and 40-50 μM respectively (Edlund et al. 2014) . Both compounds inhibit mitochondrial function at 10 μM (Kelly et al. 2010 ) and the activity of other chloride channels at 5 μM (Kelly et al. 2010 , Melis et al. 2014 , Friard et al. 2017 and reviewed in Di Fulvio et al. 2014 . Furthermore, 20 μM CFTR(inh)-172 has been shown to reduce glucose-stimulated calcium currents and insulin secretion in CFTR-KO ferret islets (GlyH-101 not tested) (Sun et al. 2017) , indicating that this compound, at the concentration used, likely has islet actions which are independent of CFTR. Secondly, sufficient data exist in the literature to warrant caution in the interpretation of CFTR immunoreactivity. Specifically, a variety of CFTR antibodies exhibit aberrant labeling, including non-specific labeling of cells which do not express CFTR (van Meegen et al. 2013 , Hart et al. 2018 and varying sensitivity for detection of low CFTR quantities (relevant for its detection in islet endocrine cells). Taken together, studies using inhibitors and antibodies directed against CFTR should be interpreted with these caveats in mind.
Data regarding insulin release in conditions of pharmacological or genetic inactivation of CFTR are also conflicting. Use of small-molecule CFTR inhibitors or islets from mice bearing the ∆F508 Cftr mutation resulted in reduced glucose-stimuated insulin release (GSIS) in one study (Guo et al. 2014) . In contrast, data from mouse and human islets using the same CFTR inhibitors showed no effect on glucose-stimulated insulin release but reported inhibition of forskolin-augmented insulin release (Edlund et al. 2014) . Similar to both studies, studies of ferret islets showed both glucose-stimulated insulin secretion and forskolin-amplified insulin secretion were impaired in perifused islets isolated from CFTR-KO vs control ferrets (Sun et al. 2017) . Additionally, a CFTR inhibitor reduced insulin secretion from islets isolated from normal ferret and human islets, but also reduced insulin secretion in islets from CFTR-KO ferrets indicating non-specific inhibitor effects (Sun et al. 2017) . Further contrasting data from mouse islets with acute or chronic β-cell selective CFTR deletion show no differences in glucose-or IBMXmediated insulin release (Hart et al. 2018) . This same study also showed no effect of CFTR activators to modulate insulin release in response to glucose or forskolin in human islets (Hart et al. 2018) , and, importantly, also found no difference in insulin release from perifused islets derived from human donors with or without CF (Hart et al. 2018 ).
There has also been considerable interest in whether CFTR may influence α-cell function. CFTR immunoreactivity has been reported in human, rat and mouse α-cells (Boom et al. 2007 , Edlund et al. 2017 . This is in contrast to studies showing no CFTR immunoreactivity in α-cells from human islets and no CFTR RNA in α-cells of ferret pancreas or in dispersed islet cells from ferrets and humans (Sun et al. 2017 , Hart et al. 2018 . As an aside, all four of these studies agree that CFTR immunoreactivity is absent from islet δ cells (Boom et al. 2007 , Edlund et al. 2017 , Sun et al. 2017 , Hart et al. 2018 . A CFTR inhibitor enhanced glucagon secretion from human and mouse islets in response to low glucose + forskolin (Edlund et al. 2017) . The effect of this inhibitor was abrogated in human islets by siRNA-mediated CFTR knockdown, although CFTR knockdown did not itself influence glucagon release.
In summary, there has been great interest in whether there may be islet β-and α-cell autonomous actions for CFTR. Conflicting data exist regarding whether endogenous CFTR expression and electrical activity occur in these cells and could thereby influence insulin secretion. Even if these effects do exist, pancreatic ductal cells remain the major site of CFTR expression in the pancreas, raising the possibility that CFTR expression in these cells may explain some or all of the effects of CFTR on insulin secretion (as detailed in the next section).
Potential paracrine actions of CFTR on β-cell function
In the pancreas, CFTR is expressed predominantly, if not almost exclusively, in the ductal epithelium (Marino et al. 1991, Wilschanski & Novak 2013 and  Fig. 2) . CFTR expression is highest in those duct cells nearest acini, especially centroacinar and intercalated duct cells (Marino et al. 1991 , Wilschanski & Novak 2013 . Islets share a physically close association with pancreatic ducts, and it is postulated that ductal cells influence islet function via paracrine mechanisms (Bertelli & Bendayan 2005) . Based on the essential requirement of CFTR for proper ductal function (Wilschanski & Novak 2013) and because ducts are the major site of CFTR expression in the pancreas, it has been postulated that loss of CFTR from ductal epithelium contributes to islet dysfunction in CF via paracrine mechanisms.
The concept that islet function can be regulated by paracrine factors (along with multiple other inputs: autocrine, endocrine, neural, etc.) is established in the literature, providing support for such a hypothesis. In fact, persistence of pancreatic ductal-derived cells in preparations of isolated islets, even following several days of culture or after transplantation, has been well documented in the literature (Warnock et al. 2005 , Keymeulen et al. 2006 , Ichii et al. 2008 , Segerstolpe et al. 2016 , Sun et al. 2017 and Fig. 3) . Further, cultured islet preparations from humans and ferrets contain ductal cells which express CFTR at much higher levels than endocrine cells (as illustrated in Fig. 2 and; Baron et al. 2016 , Segerstolpe et al. 2016 , Sun et al. 2017 , Hart et al. 2018 .
Given these data, it is possible that the persistence of CFTR-expressing ductal cells in isolated islet preparation could exert effects on insulin release and explain/ confound some of the existing studies in the literature. Indeed, we utilized this property of isolated islets to test the hypothesis that CFTR expressed in ductal cells may influence insulin secretion. Acute knockdown of CFTR in human and ferret islets does indeed result in decreased glucose-stimulated insulin secretion in static islet cultures ( Fig. 4 ; see Supplementary Methods, see section on supplementary data given at the end of this article). Since ductal cells were the only cell type in these studies to express CFTR mRNA (Sun et al. 2017) , these results suggest that CFTR-dependent paracrine actions from isletassociated ductal cells are crucial for insulin secretion and provides an additional or alternative mechanism to the role of intrinsic CFTR action in β-(or α)-cells. The mechanism underlying this effect remains to be determined, and whether this effect occurs in vivo is also currently unknown. If this observation does translate to the in vivo situation, it suggests that restoration of ductal CFTR action may be an effective strategy to improve insulin secretion and therefore treat CFRD.
Influence of extra-pancreatic factors on islets in CF
Gastrointestinal disease is prominent in CF and levels of several gut hormones that impact islet function have been shown to be deranged in CF patients. Active glucagon-like peptide-1 (GLP1) responses during mixed meal testing vary between studies, being normal or low (Hillman et al. 2012 , Sheikh et al. 2017 . By contrast, gastric inhibitory polypeptide (GIP) levels during mixed meal testing are more consistently decreased in CF patients, especially those who are pancreatic insufficient (Sheikh et al. 2017) . Fasting plasma acyl-ghrelin levels in CF patients are elevated (Cohen et al. 2008) , but the potential connection of ghrelin to CFRD has not been explored. Although low GLP-1 and GIP and elevated ghrelin would be expected to potentially contribute to diminished β-cell function, evidence suggest there is no epidemiological linkage of relative GLP-1 and GIP deficiency to declining glucose tolerance in CF (Lanng et al. 1993a , Nyirjesy et al. 2018 . A very recent small study evaluating a GLP-1 receptor agonist did show improved glucose excursion in CF patients with impaired glucose tolerance; however, this appeared to be primarily secondary to slowing of gastric emptying, indicating that abnormalities in incretin function, have a complex relationship to the pathophysiology of CFRD (Geyer et al. 2019) . Relatedly, available literature supports the hypothesis that meticulous attention to pancreatic enzyme supplementation decreases postprandial hyperglycemia in CF, by improving incretin secretion and by slowing gastric emptying (Perano et al. 2014) .
Insulin resistance and cystic fibrosis
Although insulin resistance is not a prominent clinical feature of patients with CF at baseline health, studies employing sensitive techniques have repeatedly demonstrated insulin resistance in CF patients (as reviewed in; Yi et al. 2016b) . Exocrine pancreatic status predicts insulin sensitivity in CF patients. Those CF patients who are exocrine pancreatic sufficient exhibit comparable insulin sensitivity to non-CF subjects. However, CF patients with exocrine pancreatic insufficiency demonstrate primarily hepatic insulin resistance, the mechanistic origins of which are not well understood. Additionally, transient insulin resistance is common in CF patients owing to systemic inflammation during pulmonary infections and also due to systemic corticosteroid treatment when used. It is therefore likely that insulin resistance in CF increases stress on the β-cells and thus contributes to their dysfunction.
Specific considerations for the treatment of diabetes in cystic fibrosis
Unique to CFRD, compared to other forms of diabetes mellitus, the primary goal of treatment is preservation of lung function. Weight and BMI maintenance is also essential to survival in CF, as CFRD induces a catabolic
Figure 3
Presence of cytokeratin 7-positive duct cells (red) in isolated human islets, immediately upon receipt from the IIDP. Cytokeratin 7 immunoreactivity was detected using the anti-Cytokeratin 7 antibody EPR1619Y from AbCam (catalogue no. ab68459) based on the approach described in Sun et al. (2017) . Statistical analysis comparing Scr-shRNA vs CFTR-shRNA within each glucose category was performed by mixed effects modeling treating batch replicates as repeated measures using the R package nlme; ***P ≤ 0.0001.
state that contributes to clinical decline in CF patients. Insulin is the only currently recommended medical treatment for CFRD (Moran et al. 2010) , as it is the only agent to date that has been shown to prevent BMI decline in CFRD patients (Moran et al. 2009b) . The advent of aggressive insulin treatment for CFRD has narrowed the survival gap between CF patients with and without CFRD. However, insulin treatment is labor intensive for patients and so it would significantly improve quality of life if other less complex treatments were effective for CFRD. Unfortunately, there is a paucity of adequate data to support the use of other treatments at this time. Several smaller clinical studies have examined the efficacy of various oral type 2 diabetes medications to treat CFRD, though none have yielded sufficient evidence to produce consensus recommending their use (Moran et al. 2010) . Although sulfonylurea and meglinide secretagogues stimulate insulin secretion in CF patients, two clinical trials using repaglinide have failed to produce durable improvements in BMI among CFRD patients (Moran et al. 2009b , Ballmann et al. 2018 . Comprehensive review of the clinical literature on the remaining pharmaceutical classes currently used to treat type 2 diabetes is beyond this scope of this article. However, several conceptual considerations are informative. Many of these agents (which include biguanides, alpha-glucosidase inhibitors, incretin mimetics, DPP-4 inhibitors, amylin and glycosurics) promote some degree of catabolism through weight loss, appetite reduction, macronutrient malabsorption and/or glucose wasting. Thus, use or investigation of any of these agents for CFRD treatment must cautiously track and assess their effect on catabolism and body mass. Although thiazolidinediones have been shown to increase weight in type 2 diabetes, their side effect of reducing bone mineral density could be very problematic for CF patients, who are at markedly increased risk for osteoporosis at baseline.
There has been considerable recent progress in understanding the pathophysiology of CFRD, potentially unveiling new possible treatment or preventative approaches. Given the prominent role of exocrine pancreatic inflammation, which is especially extreme in the young pancreas but persists even after resolution of the inflammatory infiltrate, it is tempting to wonder whether anti-inflammatory agents might treat CFRD. Focusing on the endocrine pancreas, there is precedentwhich comes from the connection of islet inflammation, amyloidosis and type 2 diabetes (Masters et al. 2010 , Westwell-Roper et al. 2011 , Marchetti 2016 . Clinical trials using anti-inflammatories in type 2 diabetes have met with mixed results. Anakinra, an IL-1 receptor antagonist, demonstrated improvements in insulin secretion, fasting glucose and glycated hemoglobin in a phase 2 study of 70 adults (Larsen et al. 2007) . However, in a larger study using canakinumab, a monoclonal antibody against IL-1β, non-sustained reductions in hemoglobin A1c were observed in 10,061 patients, suggesting limitations to anti-inflammatory therapy in type 2 diabetes (Everett et al. 2018) . Despite these results, the presence of islet inflammation/infiltration and the degree of islet amyloidosis in relatively young CF patients could indicate that responses to anti-inflammatory medications may be more effective than in other forms of diabetes (Couce et al. 1996 , Bogdani et al. 2017 , Hart et al. 2018 , Hull et al. 2018 . Of course, given that CF patients are extremely susceptible to fatal lung infection, agents that dampen the immune system must be approached with extreme caution unless delivered selectively to the pancreas.
The over-abundance of δ cells in the CF islet suggests that there may be increased paracrine inhibition of insulin release by somatostatin. In such a case, it is conceivable that a selective somatostatin receptor antagonist might improve β-cell function. Indeed such agents have been considered for treatment of type 2 diabetes. Smallmolecule inhibition of the glucagon receptor has also been tested in the context of type 2 diabetes. Despite favorable effects on lowering glucose levels, concerns of hepatic transaminitis may limit this approach in patients with cystic fibrosis. GLP-1-based therapies have several desirable properties that might be beneficial in CFRD, including augmentation of insulin secretion and inhibition of glucagon release. The potential efficacy of GLP-1-based therapy in cystic fibrosis subjects is currently under study.
Recent advances in gene editing technologies have reignited interest and enthusiasm for gene and cell-based therapies of CF affected organs. While the current focus has primarily been on the lung, whether correction of CFTR mutations by gene editing in the CF pancreas would reverse the course of disease is an interesting prospect. The question as to which pancreatic cell type(s) are responsible for CFTR actions that ultimately support insulin secretion is paramount to determining which therapeutic strategy should be employed and underscores the critical nature of future work to resolve the marked discrepancies in the current literature.
Looking forward
Remarkable progress has been made in pulmonary care for patients with CF, leading to significant improvements in longevity. However, there have been no concomitant advances that reduce the burden of diabetes among CF patients. A new era of CF care is dawning, as small-molecule drugs that restore CFTR function and dramatically improve lung function have recently come into clinical use. It remains to be determined how these agents will impact long-term diabetes risk. Because of the CF pancreatic defects incurred early in life, the utility of CFTR restoring drugs for treating CFRD is not yet clear. Early-life treatment may be required in order to prevent pancreatic pathology. On the other hand, these drugs might help treat or prevent CFRD by recovering CFTR-dependent islet-associated ductal function, by improving gut incretin function, and/or by reducing the inflammation and insulin resistance of systemic illness. Given these uncertainties, it is crucial to understand all of the pathophysiologic drivers of CFRD, so that we can design preventative strategies to ameliorate the morbidity and mortality of this disease.
Recent advances in both animal models and translational human studies have shed light on the pathogenesis of CFRD but more work on the fundamental mechanisms of disease is needed. Future work should focus on understanding the precise role of islet inflammation in CFRD, including the role, if any, of amyloid deposition, better understanding the cellular and molecular details underlying impaired insulin secretion, and defining the mechanisms underlying CFTR dependent pancreatic duct/endocrine cross-talk. Because β-cell mass is relatively well retained in CFRD, with greater knowledge it may be possible to enhance the function of the remaining β-cells and thus effectively prevent and treat CFRD.
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